Bacteriocin-producing Lactobacillus plantarum LPCO1O and its non-bacteriocin-producing, bacteriocinimmune derivative, L. plantarum 55-1, were evaluated separately for growth and persistence in natural Spanish-style green olive fermentations. Both strains were genetically marked and selectively enumerated using antibiotic-containing media. Plasmid profile and bacteriocin production (bac+) were used as additional markers. When olive brines were inoculated at 105 CFU/ml, the parent strain, LPCO10, proliferated to dominate the epiphytic microflora, sharing high population levels with other spontaneously occurring lactobacilli and persisting throughout the fermentation (12 weeks). In contrast, the derivative strain could not be isolated after 7 weeks. Stability of both plasmid profile and bac+ (LPCO1O strain) or bac-(55-1 strain) phenotype was shown by L. plantarum LPCO10 and L. plantarum 55-1 isolated throughout the fermentation. Bacteriocin activity could be found in the L. plantarum LPCO1O-inoculated brines only after ammonium sulfate precipitation and concentration (20 times) of the final brine. Spontaneously occurring lactobacilli and lactic coccus populations, which were isolated from each of the fermenting brines studied during this investigation, were shown to be sensitive to the bacteriocins produced by L. plantarum LPCO1O when tested by the drop diffusion test. The declines in both pH and glucose levels throughout the fermentative process were similar in L. plantarum LPCO10-and in L. plantarum 55-1-inoculated brines and were comparable to the declines in the uninoculated brines. However, the final concentration of lactic acid in L. plantarum LPCO10-inoculated brines was higher than in the L. plantarum 55-1-inoculated brines and uninoculated brines. These results indicated that L. plantarum LPCO1O may be useful as a starter culture to control the lactic acid fermentation of Spanish-style green olives.
Lactobacilliusplanitanuni has been historically associated with the spontaneous, traditional fermentation of Spanish-style green olives (7, 33, 35) . Development of this bacterial species in brine is thought to be essential to provide the large amount of lactic acid needed for olive preservation. Although it can be isolated early in the fermentation as a small proportion of the bacterial population, typically L. planitarnim becomes dominant over gram-negative bacteria and other lactic acid bacteria within 1 or 2 weeks of the olives being placed in brine, and it generally coexists with a yeast population until the end of the fermentation process (up to 3 months) (14, 22, 33, 35) . To achieve a stable product with the typical flavor and aroma of Spanish-style green olives, growth of microorganisms in the correct sequence is essential (18) .
Like other natural plant fermentations, production of Spanish-style green olives relies upon microorganisms present in the natural flora of the raw product or in the containers in which the product is stored (13, 18, 33, 35) . This practice frequently leads to wide variations in the flavor and quality of fermented olives and often to spoilage of the fruits by a variety of microorganisms (18, 34) . Therefore, control procedures are necessary to prevent spoilage and to provide a product of consistently high quality. In this regard, the use of suitable L.
plantanrm starter cultures has potential to improve the production of Spanish-style fermented green olives (18) .
Attempts at controlling the microflora during the fermentaCorresponding author. Phone: 34-5-4691054 . Fax: 34-5-4691262. tion of Spanish-style green olives have been made by inoculation either with pure cultures of L. plantanrm or with a wellfermented brine containing a large viable population of active lactobacilli (2, 8, 13, 16, 17) . However, the results obtained have not always been satisfactory (2, 13, 16, 17) . One of the reasons for the lack of success is that the strains used have not been optimized for this fermentation. An important characteristic of a successful L. plantarum starter culture for Spanishstyle green olive fermentation is its ability to dominate the indigenous microflora (10, 11, 19) . Dominance of the starter culture would be exerted by its rapid growth under fermentation conditions and/or its ability to produce antagonistic substances (9-11, 19, 26) . Bacteriocin production would therefore be expected to provide the producer strain with a selective advantage over the competing and/or spoilage microflora which develops in the fermentation (20, 30 MATERIALS AND METHODS Bacteria and media. L. plantarum LPCO1O (plS+, plT+) has been described previously (24) . L. plantarum 55-1, an LPCO10 strain derivative (plS-pISr plT-plTr), was obtained after treatment with novobiocin as described previously (24, 29) . Spontaneous streptomycin-resistant (Strr, 500 p.g/ml) or rifampin-resistant (Rif, 10 jig/ml) derivatives of L. plantarum LPCO10 and L. plantarum 55-1, respectively, were isolated by sequential selection on MRS agar (Oxoid, Unipath Ltd., Basingstoke, Hampshire, England) containing increasing concentrations of each antibiotic (Sigma Chemical Co., St. Louis, Mo.). They were maintained as frozen stocks at -20°C in distilled water plus 20% (vol/vol) glycerol and were propagated twice in MRS medium with antibiotic at 30°C before use. L. plantarum 128/2 and Lactobacillus fernentum ATCC 14933 were used as indicator strains as previously described (24) .
Comparative analysis of the strains. Parent L. plantarum LPCO1O and its derivative L. plantarum 55-1 strains were compared. Fermentation patterns were determined by using API CH-50 strips as specified by the manufacturer (Bio M6rieux, France). Specific growth rates were calculated as described by Zwietering et al. (38) for each strain growing at 30°C in MRS broth and in the same medium containing 4 and 6% NaCl (wt/vol). Also under those conditions, total cell number, optical density (at 600 nm), and lactic acid produced were determined for each strain after 48 h of incubation, as described by de la Borbolla y Alcala et al. (15) . Stability of both bacteriocin production and bacteriocin immunity and antibiotic resistance were determined by subculturing each strain (1% transfers) in nonselective medium (MRS broth) for 100 generations at 30°C.
Brining procedure. The traditional Spanish-style green olive brining procedure was followed (18) . Whole Microbial growth in brines. Samples (1 ml) of brines were taken from each fermentor at 2-day intervals during the fermentation, which was continued for 84 days. They were diluted in saline, and the number of CFU per milliliter of the different microbial populations was determined by spreading the diluted samples on solid culture media with a Spiral System (Interscience, Saint-Nom-La-Breteche, France). Gram-negative bacteria were enumerated at 37°C in a violet red bile dextrose (VRBD) agar (E. Merck, Darmstadt, Germany) and yeasts at 25°C in oxytetracycline-glucose-yeast extract (OGYE) agar (Oxoid). Lactic acid bacteria (LAB) were enumerated on MRS agar (Oxoid) and MRS agar plus 0.02% (wt/vol) sodium azide (MRS-sa) (Sigma) at 30°C, Gram stained, and then microscopically examined in order to distinguish lactic cocci from lactobacilli. In addition, L. plantarum LPCO10 and L. plantarum 55-1 were differentially enumerated at 30°C on MRS agar containing 500 jig of streptomycin per ml (MRS-str) or 10 p.g of rifampin per ml (MRS-rif), respectively.
Plasmid profile analysis. In order to monitor the different populations of lactobacilli in each fermentor throughout the fermentative process, plasmid profiles were determined. Twenty isolated colonies of the lactobacilli were randomly selected from those enumerated from each sample during the fermentations on MRS-str and MRS-sa (L. plantarum LPCO10-inoculated fermentors), MRS-rif and MRS-sa (L. plantarum 55-1-inoculated fermentors), or MRS-sa (uninoculated fermentors). Plasmid DNA was extracted and separated by agarose gel electrophoresis as previously described (1, 29) . The total number of specific strains was determined as the percentage of the total lactobacillus populations with specific plasmid profiles.
Bacteriocin production in brines. The presence of bacteriocins in brines throughout the fermentations was detected by the agar drop diffusion test (28) . At each time point, samples (2 ml) from the fermentors were removed and filter sterilized (0.22-p.m-pore-size Millex-GV filters, low protein binding; Millipore Corp.), and then 10 p.1 was spotted onto lawns of L. plantarum 128/2 and L. fermentum ATCC 14933, which have previously been shown to be sensitive to both plS and plT (24) .
At the end of the fermentation, the brines were assayed for the presence of bacteriocins. An aliquot (100 ml) of brine from each fermentor was treated with solid ammonium sulfate to 50% saturation. The mixtures were stirred for 2 h at 4°C and were centrifuged at 20,000 x g for 1 h (4°C). The precipitates were resuspended to 1/20 of the initial volume in sodium phosphate buffer (50 mM, pH 7.0), and the bacteriocin titer was determined (3) .
Antimicrobial activity of strains of LAB enumerated from the fermentation. Antimicrobial activity of LAB enumerated during sampling of the fermentations was examined as follows. Fifty isolated colonies that grew on MRS-str and MRS-sa (L. plantarum LPCO10-inoculated fermentors), MRS-rif and MRS-sa (L. plantarum 55-1-inoculated fermentors), or MRS-sa (uninoculated fermentors) were picked with a sterile toothpick and transferred to MRS agar plates. Plates were incubated at 30°C for 5 h and then overlaid with lawns of one of the sensitive indicator strains L. plantarum 128/2 and L. fermentum ATCC 14933.
In order to test if any strains of lactic cocci or lactobacilli growing in any fermentor throughout the fermentative process produced an antagonistic compound against L. plantarum LPCO10 or L. plantarum 55-1, they were grown in MRS at 30°C until the exponential phase of growth and were centrifuged (5,000 x g, 10 min). The supernatants were filter sterilized (0.22-p.m-pore-size Millex-GV filters, low protein binding, Millipore Corp.), and 10 p.1 of supernatants from each enumerated population was spotted on lawns of L. plantarum VOL. 60. 1994 LPCO1O and L. plantarutm 55-1. Lawns were then incubated at 30°C for 18 h and observed for zones of inhibition.
Sensitivity of strains of LAB isolated during the fermentation to plS and plT. Sensitivity to plS and piT of LAB populations (lactic cocci and lactobacilli) isolated from each fermentor throughout the fermentation was assayed by the agar drop diffusion test. L. plantarumn LPCO10 Strr was grown in MRS broth plus NaCl (4% [wt/vol]) at 30°C. Supernatants were obtained from both log-phase (containing p1S) and stationary-phase (containing plT) cultures, adjusted to pH 7.0 with 2 N NaOH, and heated for 10 min at 100°C. From these preparations, 10 ,ul was spotted onto indicator lawns of each isolated LAB to be tested for sensitivity to both plS and plT. Plates were incubated at 30°C for 18 h and then observed for inhibition zones.
Analysis of olive brines. For analysis of fermentation brines, a 10-ml brine sample was obtained from each fermentor. Glucose and L-lactate were analyzed in a Glucose & L-Lactate Analyzer Model 2000 (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio). pH and NaCl concentration were determined as described previously (2). 
RESULTS
Comparative analysis of the strains. The bacteriocin-producing parent strain L. plantaruin LPCO10 and its derivative, non-bacteriocin-producing L. planitanrum 55-1, showed the same pattern of fermentation. Furthermore, their growth rates in media containing 4 and 6% NaCl were virtually identical (data not shown). Also, the two strains produced identical amounts of lactic acid and reached similar cell counts in these media (data not shown). On the other hand, antibiotic resistance was retained by 95 and 100% of the populations of L. plantaurni LPCO10 and L. plantarum 55-1, respectively, when populations were subcultured for 100 generations in nonselective medium. In analogous experiments, production (LPCOIO strain) or nonproduction (55-1 strain) of pIS and pIT and immunity to plS and plT were maintained unaltered throughout by the two bacterial populations. These results indicated that the inability of L. plantarum 55-1 to produce bacteriocins did not change those properties, a fact of great importance for olive fermentation.
Microbial growth in fermentation brines. Growth of microorganisms in brines was monitored throughout the fermentation process (Fig. 1) . The uninoculated fermentors, which were used as controls, reflect the species which usually occur during a traditional Spanish-style olive fermentation and also show that a series of different organisms is involved in a sequential fashion (Fig. IE and F) . Within about 5 days of brining the olives, the less nutritionally demanding, epiphytic microflora consisting of lactic cocci, gram-negative bacteria, and yeasts rapidly colonized the fermentation brines, whereas the Lactobacillus sp. population was detectable only in low numbers. This is traditionally called the first stage of the olive fermentation (14) . At (Fig. IA) . However, it was noticeable that gram-negative bacteria reached slightly lower levels than those in uninoculated fermentors, and they could not be isolated after 25 days of fermentation. In contrast, in the L. planitarlm 55-1-inoculated fermentors, the gram-negative population (Fig. IC) persisted until 60 days into the fermentation, and its levels at every single sampling were higher than those in the L. planttanlim LPCO10-inoculated fermentors.
TIME OF FERMENTATION (DAYS)
Changes in Lactobacillus populations in inoculated and uninoculated brines. L. planitarum LPCO 10-and L. plantaumm 55-1-inoculated fermentations showed dramatic differences. There were also significant differences between these and uninoculated fermentors. Although present at levels slightly lower than those of the total epiphytic lactobacilli, inoculated L. planitarum LPCO1O proliferated in brines and persisted until the end of the fermentation (Fig. IB) . In contrast, L. plantanrum 55-1 was outnumbered by the epiphytic lactobacillus microflora from the beginning of the fermentative process, and it could not be isolated after about 55 days of fermentation (Fig.  ID) . In the control fermentations, total growth of the epiphytic lactobacillus microflora was similar to that of L. plantaruni LPCOI0-or L. plantarum 55-1-inoculated brines (Fig. 1F) . As shown in Fig. 1 , naturally occurring lactobacillus populations did not appear at detectable levels in any of the fermentors until day 10 of the process. On the other hand, although inoculated lactobacilli (LPCO10 and 55-1) showed a dramatic decrease in cell counts in the first days after inoculation, they proliferated along with the naturally occurring lactobacilli.
Analysis of the lactobacilli on the basis of their plasmid profiles (data not shown) revealed differences between the different fermentors in both the numbers of strains present and the sequence in which they arose (Fig. 2) . In the uninoculated fermentor, fourteen Lactobacillus strains were isolated during the natural fermentation of brined olives; the sequence in which four of these strains arose is shown in Fig. 2C . In the fermentor in which it was inoculated, L. plantarum LPCO1O was able to outnumber all of the nine epiphytic Lactobacillus strains that developed in the fermentation brines and to dominate throughout the entire fermentation. The presence of these nine strains was monitored throughout the fermentation, and the sequence in which four of them arose is shown in Fig.  2A . In contrast, it was shown in the fermentor inoculated with L. plantarum 55-1 that the population of this strain did not predominate but simply rose and fell as one component in the natural succession of eight Lactobacillus strains. As can be seen from Fig. 2B , the L. plantarum 55-1 population arises at about 10 days, peaks at about 40 days, and could not be detected after 50 days. Figure 2B also shows the presence of four of the eight other strains detected. Furthermore, the appearance of strains of epiphytic lactobacilli was delayed by several days in the L. plantarum LPCO1O-inoculated fermentors (Fig. IB) compared with L. plantarum 55-1-inoculated fermentors (Fig. ID) and the uninoculated fermentors (Fig. IF) .
Finally, it is worth noting that both plasmid profiles and antibiotic resistance patterns remained unaltered in both L. plantarum LPCO10 and L. plantarum 55-1 populations during the fermentation.
Bacteriocin production in fermentation brines. Bacteriocin activity in samples from the olive brines during the fermentation was not detected when the agar drop diffusion test was used. However, when brines at the end of the fermentation process were treated with solid ammonium sulfate and were effectively concentrated 20-fold, bacteriocin activity was detected only in the L. plantarum LPCO1O-inoculated fermentors. This bacteriocin activity (as assessed by sensitivity to the proteolytic enzyme pronase E) was of 200 activity units (AU)/ ml, tested against the sensitive indicator strain L. fermentum ATCC 14933 (data not shown). Detection of antimicrobial activity of LAB strains and test for sensitivity to plS and pIT. The various LAB strains, including lactobacilli and cocci, isolated from the different olive brines throughout the fermentations were tested for production of bacteriocin activity against the plantaricin-sensitive indicator strains L. plantarum 128/2 and L. fermentum ATCC 14933. Only culture supernatants of L. plantarum LPCOIO (isolated from those fermentors in which it was previously inoculated) showed bacteriocin activity, and, as expected, both indicator strains were inhibited.
When all those LAB strains were tested for antimicrobial activity against L. plantarum LPCO1O and L. plantarum 55-1, no such activity was detected. However, these LAB strains were sensitive to plS and plT as assayed in an agar drop diffusion test.
Finally, production of these plantaricins by L. plantarum LPCO1O and nonproduction by L. plantarum 55-1 appeared to be stable characteristics throughout the fermentation, for all the isolated colonies growing on MRS-str showed inhibition of indicator strains, whereas those growing on MRS-rif did not.
Physicochemical parameters of olive brines. Figure 3 shows a summary of determinations of lactic acid, glucose, and pH in the inoculated and uninoculated fermentors. It reveals a L. PLANTARUM LPCO1O AS A STARTER CULTURE 2063 similar decline in pH throughout the fermentation in inoculated and uninoculated brines, reaching about 4.8 at the end of the process. Also, the balances between the release of glucose from the fruits into the brines and its utilization by the microflora were similar in all cases, giving final concentrations of 0.3 to 0.4 g/100 ml. However, the final lactic acid concentration was highest in those fermentors which were inoculated with L. planitartuni LPCO10. Finally, the NaCl concentrations throughout the fermentation were similar in all brines, reaching 4% (wt/vol) a few days after brining the olives.
DISCUSSION
Bacteriocin-producing LAB have been tested for use as starter cultures in a variety of food fermentations (4-6, 12, 20, 21, 23, 27, 28, 30, 32, 36, 37) . In many cases, this practice has been shown to be useful in ensuring a consistent product, controlling food-borne pathogens and food spoilage microorganisms, and enabling predominance of the inoculated starter strain. However, although relatively extensive information is available regarding the application of bacteriocin-producing LAB in several food fermentations, no studies have been done with olive fermentations. Thus, to our knowledge, the work presented here is the first example in which a bacteriocinogenic LAB has been evaluated as a starter culture in olive fermentation and is one of only a few studies of this type carried out with plant fermentations.
From a microbiological standpoint, the Spanish-style green olive fermentation is a very complex process (10, 11, 18, 19, 34) . This complexity is essential, providing the typical organoleptic characteristics of processed olives (18) . Therefore, although it is possible to completely eliminate the natural microflora present in the brines by sterilization and then to add a starter culture, this results in a final product which does not resemble typical Spanish-style green olives. For this reason, we have processed the olives and conducted the fermentation as in the traditional way. The only innovation was to add a pure culture of a bacteriocin-producing L. plantanim strain previously isolated from a lactic acid fermentation of olives (24) .
Due to the microbiological complexity of olive fermentations, the use of an antibiotic-resistant derivative, in conjunction with other additional markers such as bacteriocin production and plasmid profile, was essential to accurately distinguish L. plantarulm LPCO1O and L. planitarum 55-1 from other LAB populations growing in the brines. This selective enumeration strategy has been previously used in other fermentation studies (20, 23, 31) . Also, the use of L. plantarum 55-1, the L. plantanim LPCOIO bacteriocin-negative derivative (24) (14, 18) .
Although bacteriocin production by L. planitarum LPCOIO in fermentation brines was demonstrated, the concentration detected was very low and was seen only after ammonium sulfate precipitation of the brines at the end of the fermentation process. Since only 200 AU/ml was detected in the precipitated and 20-fold-concentrated brines, the antimicrobial compound was present in about 10 AU/ml in the brines at the end of the process. Although it was not possible to measure bacteriocin production throughout the fermentation because of the low levels present, we suggest that it was present continuously throughout the fermentation. All indigenous LAB isolated from the fermentors were inhibited by plS and plT when assayed in synthetic media. The reason for the relatively high levels of these strains in the L. plantarnm LPCO1O-inoculated brines is at present unknown but they could be explained in terms of low bacteriocin activity in such media. In other studies it was shown that the inhibition of sensitive strains was always less in the food system than in laboratory culture media. This decrease in efficacy or loss of bacteriocin activity during food fermentations has been attributed to binding of the bacteriocins to other organic compounds present in foods (9) . It has also been noted that polyphenols present in olive brines can bind and rapidly inactivate enzymes (25) . Harris et al. (23) showed that bacteriocin production was influenced by many factors, including the NaCl concentration of the growth medium and the initial ratio of the producer strain and a competing strain.
Other workers have provided no evidence for bacteriocin production in the food system studied; however, the inhibitory effect observed was attributed to the presence of bacteriocin (20, 30) . In this work we have been able to show that bacteriocin is produced during the fermentation and that the ability to produce bacteriocin is linked to the predominance of the producer strain over other Lactobacillus strains in such a system. In conclusion, therefore, it would seem that L. plantarum LPCOIO could be used successfully as a starter culture in Spanish-style green olive fermentations; it does not completely eliminate the development of the indigenous microflora but has a substantial effect without detracting from the quality of the final product. Furthermore, the presence of bacteriocin in the brines at the end of the fermentation could be useful in preventing the growth of spoilage microorganisms such as clostridia or propionibacteria, as both are sensitive to the antimicrobial compounds produced by L. platntarum LPCO1O (24) , and both occur at a late stage in the fermentation. Current work aims at expanding the potential application of L. plantarum LPCO1O by examining its role as an inoculant in a variety of vegetable fermentations such as caperberries and cucumbers.
